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INTRODUCTION
Human embryonic stem (hES) cells were first isolated from inner cell masses (ICMs) of human blastocysts by Thomson and colleagues [1] . The hES cells exhibit unique features, including continuous growth, a high level of telomerase activity, normal karyotypes, and differentiation capacity in vivo and in vitro. They express pluripotent cellspecific markers: strongly positive for stage-specific embryonic antigen (SSEA)-3 and -4, tumor rejection antigen (TRA)-1-60 and -81, and a high level of alkaline phospha- tase (APase) activity, but are negative for SSEA-1 [1] [2] [3] [4] [5] [6] [7] . They also express Oct-4, a transcription factor that is specific to ICMs of blastocysts [3, [5] [6] [7] [8] . Continuous proliferation of ES cells requires leukemia inhibitory factor (LIF) and/or a mitotically inactivated feeder cell layer in cultures of mouse embryonic stem (mES) cells. In contrast with the culturing of mES cells, feeder cell layers and basic fibroblast growth factor (bFGF) are necessary to maintain hES cells in an undifferentiated state with or without LIF, but LIF alone cannot support the continuous proliferation of hES cells with preventing the differentiation [1, 3, 9] . The hES cells are usually established and maintained on mouse embryonic fibroblast (MEF) feeder layers. Because animal feeder cells are associated with risks, including pathogen transmission and viral infection, and ethical problems, many stem cell researchers have investigated different culture conditions for hES cells, such as a feeder-free culture system. Extracellular matrices (ECMs) and MEF-conditioned (MEF-CM) medium were introduced to expand hES cells rather than the feeder cells. The hES cells cultured under these conditions show the same characteristics as hES cells cultured on MEF feeder layers [10] . However, this culture system also requires the massive and continuous culturing of MEF cells to obtain MEF-CM medium, and the possibilities of mouse retroviral infections and pathogen transmission remain [11] [12] [13] . Attempts to prevent infections and pathogen transmission have involved the cultivation of hES cells on human feeder layers, such as fetal muscle, fetal skin, adult fallopian tubal epithelial cells [14] , foreskin fibroblasts [6, 11] , and adult marrow cells [15] . Additionally, Richards and colleagues [16] reported the testing of various human feeder cells derived from fetal (muscle, skin), adult (lung, skin, fallopian tube, muscle, endometrium), and neonatal (foreskin) tissues, and some of these cells are now available for use. The hES cells cultured on these various human feeder layers exhibit the same characteristics as MEF-based hES cells, including continuous proliferation, positive expression of specific markers (SSEA-3 and -4, TRA-1-60 and -81, APase, and Oct-4), normal karyotypes, and differentiation capacity. Although some feeder cells alter the shape of hES cell colonies, almost all hES cells cultured on human feeder cells maintain typical hES cell morphology, such as being round and small with a high nucleus-to-cytoplasm ratio, the notable presence of one to three nucleoli, and typical intercell spacing [6, [11] [12] [13] [14] [15] [16] .
Human uterine endometrial cells (hUECs) regulate embryonic development and successful implantation in the reproductive track. Their growth and differentiation vary according to the menstrual cycle due to hormonal regulation. Throughout the menstrual cycle, hUECs express various factors, including growth factors (IGF, EGF, and TGF␤) [17] [18] [19] [20] [21] , cytokines (CSF, LIF, and interleukin-1 and -6) [22] [23] [24] [25] [26] [27] , and cell adhesion molecules (ECMs and integrin) [28] [29] [30] [31] to control embryonic development and allow successful implantation. Some of these factors (such as LIF and TGF␤1) secreted in hUECs are known to be key regulators related to hES cell self-renewal. Additionally, various ECMs and cell adhesion molecules are expressed in hUECs, and these factors also have an important role in maintaining the undifferentiated state of hES cells [12] .
In the present study, we examined the availability of hUECs as a feeder cell, attempted to establish and maintain new hES cell lines by using hUEC feeder cells, and confirmed the characteristics of newly established hES cell lines.
MATERIALS AND METHODS

Preparation and Culture of Human Endometrial Cells
Human endometrium was obtained by biopsy following institutional review board (IRB) approval and the receipt of informed consent from the subjects. The obtained endometrium was minced finely and digested enzymatically with 0.25% collagenase (Sigma, St. Louis, MO) and 10 U/ml DNase I (Sigma) in DMEM/F-12 (GibcoBRL/Invitrogen, Grand Island, NY). Dissociated hUECs were cultured in DMEM/F-12 supplemented with 10% FBS (Hyclone, Logan, UT), 4 mM glutamine (GibcoBRL/Invitrogen), 20 mM HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin (Sigma).
Preparation of Feeder Layers
Cultured hUECs were mitotically inactivated with 10 g/ml mitomycin C (Sigma) for 1.5 h and washed three times with PBS. Mitotically inactivated hUECs were then trypsinized with trypsin-EDTA (GibcoBRL/Invitrogen) and washed twice with culture medium. The dissociated hUECs were counted and plated on gelatin-coated four-well plates at 8.0 ϫ 10 5 cells per well (Nunc, Roskilde, Denmark).
Culture of Human Embryos
Cryopreserved human pronuclear (PN)-stage embryos were donated following IRB approval and the receipt of informed consent by couples undergoing in vitro-fertilization treatment. Eight rapidly thawed PN-stage embryos were first cultured in G1.2 medium until the eight-cell stage, and then transferred to G2.2 medium (Vitrolife, Denver, CO) [7, 32] . After 3-4 days of prolonged culture, seven fully expanded blastocysts were collected to isolate ICMs.
Immunosurgery
Cultured blastocysts were first removed from the zona pellucida using 0.5% Pronase (Sigma). These blastocysts were exposed to 100% antihuman-serum antibody (Sigma) for 20 min and washed three times with PBS for 5 min. Washed blastocysts were transferred to guinea pig complement (Life Technologies, Karlsruhe, Germany) at 37ЊC in 5% CO 2 [32] . After 20 min, the blastocysts were washed and the isolated ICMs were transferred onto mitotically inactivated hUEC feeder layers.
Culture of hES Cells
Immunosurgery was performed on seven blastocysts to obtain their ICMs. To culture isolated ICMs, the culture medium for feeder cells was changed to DMEM/F12 containing 20% knockout serum replacement, 1 mM glutamine, 0.1 mM ␤-mercaptoethanol, 1% nonessential amino acids, and 4 ng/ml bFGF (GibcoBRL/Invitrogen). Transferred ICMs were cultured on hUEC feeder layers for 6-8 days in the initial passage, after which the cultured cells formed colonies. These colonies were split onto newly prepared hUEC feeder layers, and the culture was prolonged. After 10 passages of the culture, the colonies were split every 5 days.
Immunocytochemistry
After 20 passages of the culture on hUEC feeder layers, hES cells were tested for the expression of pluripotent cell-specific markers. To detect APase activity, cultured cells were fixed with 4% paraformaldehyde. Fixed cells were permeabilized with 0.2% Triton X-100 and washed three times with PBS. APase staining was performed using a kit containing NBT/BCIP as the substrate (Roche Molecular Biochemicals, Indianapolis, IN). When continuously proliferating cells appeared dark blue, we observed the stained colony under light microscopy. The expressions of surface marker antigens were confirmed using SSEA-3, -4 (positive), and -1 (negative). Fixed cells were incubated with each primary antibody and were localized with biotinylated secondary antibody conjugated with avidin and horseradish peroxidase complex (Vectastain ABC system; Vector Laboratories, Burlingame, CA). The localization, color reaction, and visualization of red staining by light microscopy were performed using a Vector NovaRED substrate kit (Vector Laboratories).
Cell Line Identification and Karyotyping
We extracted each genomic DNA from Miz-hES-9, -14, -15, and hUEC and applied DNA fingerprinting using short tandem repeat (STR) loci amplified by PCR to identify established hES cell lines [32] . The STR loci that we used were D3S1358 (Chromosome 3p), vWA (12p12-pter), FGA (4q28), amelogenin (X:p22.1ϳ22.3 &Y:p11.2), TH01 (11p15.5), TPOX (2p23-2per), CSF1PO (5q33.3-34), D5S818 (5p22-31), D13S317 (13q22ϳ31) and D7S820 (7q11.21ϳ22).
To analyze the karyotypes of hUEC feeder cells and hES cells, cell division was blocked by 0.1 g/ml colcemid (Gibco/Invitrogen) in metaphase for 1-2 h. Cells were then trypsinized and resuspended in hypotonic KCl solution (Sigma), incubated for 20 min at 37ЊC, and fixed with 3:1 methanol:acetic acid. Chromosomes were visualized using G-band staining. More than 100 cells were examined in this way.
Differentiation of hES Cells In Vivo and In Vitro
The hES cell colonies that were cultured for longer than 20 passages on hUEC feeder layers were harvested clear of feeder cells. Prepared colonies were injected with a sterile 25-gauge needle into the right testis of 4-wk-old SCID-beige mice according to the statement on the use of animals in our institute. The injected mice were killed 12 wk after this injection and the resulting tumors were fixed with 4% paraformaldehyde and embedded in paraffin. The paraffin blocks were sectioned at 10 m, stained with hematoxylin-eosin, and the tumors observed under a light microscope.
To confirm the differentiation of hES cells in vitro, they were harvested mechanically and washed to remove the feeder cells. Harvested hES cells were transferred into embryoid body (EB) culture medium (DMEM/F-12 supplemented with 20% serum replacement, 1 mM glutamine, 0.1 mM ␤-mercaptoethanol, and 1% nonessential amino acids except for bFGF) and cultured continuously. At days 7, 14, and 24 after the beginning of culture, EBs were prepared for RNA isolation. Total RNA isolation from hES cells and differentiated cells was performed using TRIzol reagent according to the manufacturer's protocol (GibcoBRL/Invitrogen). Isolated RNA was quantified with a spectrophotometer (Spec3000; Bio-Rad, Hercules, CA) and reverse transcription (RT) was performed with 1 g of total RNA in each sample. To confirm the differentiation ability of hES cells, PCR was performed with various differentiation-marker primers: ectoderm (NF-68: forward, acgctgaggaatggttcaag; reverse, tagacgcctcaatggtttcc; keratin: forward, aggcccaatacgaggagatt; reverse, atagccactggagatggtgg), mesoderm (CMP: forward, aaaaagggcaatgacaccag; reverse, ttgtgcagtctctgaggtgg; kallikrein: forward, gctttctcagccaggacatc; reverse, tattctttgcctcccaggtg; enolase: forward, gttcaatgtcatcaatggcg; reverse, gtgaacttctgccaagctcc), and endoderm (␣-FP: forward, tgaaaaccctcttgaatgcc; reverse, tcttgcttcatcgtttgcag; ␣1-AT: forward, actgtcaacttcggggacac; reverse, ccccattgctgaagacctta). Oct-4 (forward, gacaacaatgagaaccttcaggaga; reverse, ttctggcgccggttacagaacca) was used as a positive control for undifferentiated hES cells [3, [5] [6] [7] [8] . PCR cycles consisted of an initial denaturation step at 94ЊC for 5 min, followed by 30 cycles of 30 sec of denaturation at 94ЊC, 30 sec of annealing at 62ЊC, and 30 sec of extension at 72ЊC. A final extension was performed at 72ЊC for 10 min. PCR products were visualized by ethidium bromide staining following 1.5% agarose gel electrophoresis.
Flow Cytometry
To analyze the DNA content of hES cells, Miz-hES-9, -14, and -15 colonies were harvested with 0.1% collagenase IV (Sigma) and washed twice with PBS. These colonies were dissociated into single cells with 0.5 mM EDTA (Sigma). Separated cells were fixed with 70% ethanol at 4ЊC for more than 1 h and then washed clear. Fixed cells were stained with 100 g/ml propidium iodide (Sigma) containing 100 g/ml RNase, and measured by flow cytometry (Epics Altra; Beckman Coulter, Miami, FL). 
FIG. 4. DNA fingerprinting (A-C) and karyotype analysis of Miz-hES-9, -14, -15 and hUEC (D). A) Isogenic analysis in loci D3S1358
, vWA, and FGA. B) Isogenic analysis in loci Amelogenin, TH01, TPOX, and CSF1PO. C) Isogenic analysis in loci D5S818, D13S317, and D7S820. The matching probabilities are 7.8 ϫ 10 Ϫ15 for Miz-hES-9, 1.9 ϫ 10 Ϫ18 for Miz-hES-14, 1.6 ϫ 10 Ϫ19 for Miz-hES-15, and 3.7 ϫ 10 Ϫ15 for hUEC. The boxed numbers and corresponding peaks represent locations of polymorphisms for each short tandem repeat marker. D) Miz-hES-9, -14, -15 and hUECs showed normal 46, XX karyotypes.
RESULTS
Culture of Primary hUECs
Three hUEC lines were isolated and cultured: two (Mizendo1 and -2) from endometrial tissues obtained at the midproliferative phase, and the third (Miz-endo3) from the tissue obtained at the midluteal phase. Miz-endo1 and -2 could be cultured for more than 25 passages, whereas Mizendo3 showed limited proliferation. Frozen-thawed hUECs isolated at the midproliferative phase exhibited similar growth characteristics. Miz-endo1 and -2 showed similar growth patterns, and hence we mainly used Miz-endo1 in this experiment. The morphology of Miz-endo1 cells was different from that of MEF feeder cells (Fig. 1) . Miz-endo1 and -2 were split every 5 days because they reached confluence within a short period of time. At passage 3, cultured hUECs were first used as feeders to support the establishment and maintenance of hES cells and were used continuously until they became senescent.
Maintenance of hES Cell Lines Established on hUEC Feeder Layers
In the culture of donated embryos, seven blastocysts were obtained from eight cultured PN-stage embryos, and the ICMs of these blastocysts were isolated by immuno- surgery. Three transferred ICMs were attached to hUEC feeder layers and continuously proliferated in the initial passage. Proliferating cells formed colonies after 7-8 days in the culture, and these colonies were split onto newly prepared hUEC feeder layers. They exhibited slow proliferation compared with the growth of other hES cells (MizhES-1, National Institutes of Health registered) until passage 7 or 8. Miz-hES-9, -14, and -15 were in continuous cultures for 55, 40, and 50 passages, respectively. They have been split onto new feeder layers every 5-6 days. The hES cells cultured on hUEC feeder layers were thinner, flatter, and more angular than MEF-based hES cells, and boundaries between hES cells and feeder cells were more evident (Fig. 2) .
Expression of Pluripotent Cell-Specific Markers
The expression of several cell-surface markers was confirmed by immunocytochemistry. Miz-hES-9, -14, and -15 expanded on hUEC feeder layers showed the same expression patterns of pluripotent cell-specific markers as MEFbased hES cells. The hUEC-based hES cells were positive for SSEA-3 and -4 and APase but were negative for SSEA-1 (Fig. 3) . Feeder cells were negative for all surface makers used in this experiment.
DNA Finger Printing and Karyotype Analysis
All hES cell lines could be distinguishable because they showed different STR loci, including D3S1358 (chromosome 3p), vWA (12p12-pter), FGA (4q28), amelogenin (X: p22.1ϳ22.3 &Y:p11.2), TH01 (11p15.5), TPOX (2p23-2per), CSF1PO (5q33.3ϳ34), D5S818 (5p22-31), D13S317 (13q22ϳ31), and D7S820 (7q11.21ϳ22) (Fig. 4, A-C) .
Karyotype analysis was performed with hUECs and hES cells expanded on hUEC feeder layers. Miz-endo1, and Miz-hES-9, -14, and -15 showed normal 46, XX karyotypes (Fig. 4D) , as did the frozen-thawed hUECs (data not shown). Karyotype analysis was performed every 6 mo.
Formation of Teratomas and EBs
SCID-beige mice were killed 12 wk after being injected with undifferentiated hES cells to confirm the formation of teratomas. Teratomas had formed in the right testes of all three mice injected with Miz-hES-9, -14, and -15 and appeared as well-differentiated tumor-like structures, including kidney-like structure, primitive neural tube, skin, gastrointestinal epithelium, tooth-like structure, and cartilage (Fig. 5) .
EBs cultured for 7, 14, and 24 days in suspension also showed the expression of tissue-specific markers. Almost all of the tissue-specific markers were expressed in differentiated EBs, with the expression level gradually increasing with time from the induction of differentiation. However NF-68, kallikrein, and enolase were also expressed in undifferentiated hES cells, and the expression of Oct-4 gradually decreased in differentiated cells (Fig. 6 ).
Proliferation Properties of hES Cells
MEF and hUEC feeder cells comprised 10.0% and 10.24% of proliferating cells, respectively, but the composition of proliferating cells was higher in Miz-hES-9 (47.6%), -14 (48.6%), and -15 (48.2%) lines than in feeder cells. Each hES cell line established and maintained on hUEC feeder layers showed a slightly higher composition of proliferating cells than MEF-based Miz-hES-3 (40.4%).
Miz-hES-3 expanded on hUECs for more than 20 passages showed a slightly increased proportion of the cells in the S phase (44.6%; Fig. 7 ).
DISCUSSION
The hES cells are usually expanded on feeder layers to maintain an undifferentiated state. MEF cells have been used as feeder layers prepared from CF-1 mice at 13.5 days after fertilization, but animal feeder layers exhibit some problems in maintaining hES cells in an undifferentiated state. First, there is an ethical problem associated with animal feeder layers because hES cells directly interact with MEF cells to maintain continuous proliferation. Second, animal feeder layers are associated with risks of viral infection and pathogen transmission. Because the ultimate object of stem cell research is cell-based clinical therapy, hES cells should be expanded on human feeder layers or under feeder-free culture conditions. There are some previous reports on this, but there are some problems that MEF cells must be cultured to obtain MEF-CM continuously and MEF-CM still has the possibility of viral infection or pathogen transmission.
In feeder-free culture conditions for hES cells, ECMs, including laminin, collagen, and fibronectin, play an important role in maintaining hES cells in an undifferentiated state. In 2001, Xu and colleagues [10] were the first to demonstrate that the expression levels of integrin␣ 6 and ␤ 1 in hES cells cultured on Matrigel or laminin were similar to those in MEF-based hES cells, and that these ECMbased hES cells maintained typical hES cell characteristics. The expression level of laminin and proliferation capacity were slightly higher in hUECs and hES cells cultured on hUECs. We thought that the expression level of laminin in feeder cells may affect the maintenance of hES cells in an undifferentiated state and that other factors expressed in feeder cells, such as LIF and TGF␤1, may regulate the growth of hES cells. There are previous reports that LIF 48 LEE ET AL.
and TGF␤ are expressed in normal human endometrium and regulate downstream signaling through the activation of JAK/STAT kinase and Smads, respectively. Oct-4 and Nanog are associated with hES cell self-renewal, and the expression of these factors is regulated by LIF, BMP, and TGF␤ [33] [34] [35] . The hES cells maintained on hUEC feeder cells might be regulated by their proliferation and differentiation by spontaneous expression of these factors in hUEC feeder cells.
The hUECs directly interact with embryos and regulate the embryonic development and successful implantation in vivo. Although the characteristics of these cells differed with the endometrial phase, some factors, including ECMs, growth factors, and cytokines are expressed in hUECs throughout the menstrual cycle. Richards and colleagues [16] attempted to use hUECs as feeder cells to support the growth of hES cells and reported that adult glandular endometrium and adult stromal endometrium cannot maintain hES cells in an undifferentiated state. However, we have established and maintained three hES cell lines on hUEC feeder cells in our institute. Our different results may be attributable to the different endometrial phases used. Mizendo1 and -2 obtained from the midproliferative phase can support the continuous growth of hES cells and maintain hES cells in an undifferentiated state, whereas Miz-endo3 obtained from the midluteal phase cannot.
The hUECs have the advantage that they can be used for many passages, whereas MEF feeder cells exhibit a limited number of passages when they were used as feeders. However, hUECs showed a similar capacity to support the continuous growth of hES cells before they become senescent. An hUECs feeder cell line can be used for more than 1 yr, allowing the long-term culturing of hES cells under stable conditions. In addition to this, human feeder cells are more convenient than primary cultured MEF feeder cells in terms of the absence of a requirement for animal facilities.
For the eventual application in cell-based therapy, hES cells should be free from the risks of pathogen transmission and viral infection, and it is ideal that hES cells are cultured under stable xeno-free culture condition. Until now, however, it has been hard to eliminate animal materials completely for establishment and expansion of hES cells. Immunosurgery, a common method to isolate ICMs of blastocysts, has been performed by using anti-human-serum antibody purified from rabbit and guinea pig complement [1, 3, 6, 7] . Although these materials do damage to only trophoectoderms, there is still a possibility of exposure to animal and/or viruses. Also, animal serum (usually FBS or FCS) has been used for attachment and growth of feeder cells to support the establishment and growth of hES cells [1-3, 6, 7, 11, 14-16, 32] . Although hES cells are cultured under feeder-free condition risks of pathogen transmission and viral infection still remains because the materials from animal sources such as feeder-CM and ECM gel (usually Matrigel) have still been used for the growth of hES cells [10, 12, 13] . Up to now, there have been no hES cell lines established and maintained under complete xeno-free culture condition even though some have been represented as a xeno-free culture system for the culture of hES cells without animal serum and by preventing direct interaction with animal cells [14, 16] . In our experiment, we also partially used animal materials for immunosurgery and culture of hUECs. However, Miz-hES-9, -14, and -15 were established and maintained without direct interaction with animal cells and animal serum. Therefore, we thought that our results are in the process of becoming complete xeno-free culture conditions.
Our results demonstrate that hES cell lines can be established and maintained on hUEC feeder layers. Newly established hES cell lines have typical hES cell characteristics such as continuous growth, expression of cell surface markers, normal karyotype, and differentiation capacity. These hES cells show elevated proliferation capacity, which might be due to the effects of the expression levels of ECMs and embryotrophic factors in feeder cells (data not shown). The establishment and expansion of hES cells under a completely xeno-free culture system might be helpful to cellbased therapies. Therefore, continuous investigation for the improving culture condition should be performed to make complete xeno-free culture systems. These will lead us to obtaining available hES cells under xeno-free culture system in the near future.
